Abstract-In this paper, the merits of Adomian Decomposition Method (ADM) have been investigated for the time domain simulation of multi-machine power systems. ADM is an analytical approximation method for the solution of linear, nonlinear, deterministic and stochastic operator equations. It approximates the nonlinearities in the equations using Adomian polynomial series and that can form a rapidly convergent sequence of analytic functions. We apply the ADM approach for simulation of differential algebraic equations representing the detailed multimachine power system. The ADM approach has been applied on the widely used IEEE 3 generator 9 bus system and IEEE 10 generator 39 bus system for 3 − φ fault simulations. In our simulations we found that the ADM approach is faster than the standard trapezoidal time integration method for the comparable accuracy.
I. INTRODUCTION
Transient simulations are very important tools for assessment of stability of power systems. The need for fast and large scale simulations has been increasing because of growing interconnections, network expansions, high renewable penetration, and increased use of power electronic based transmission controls (FACTS, HVDC etc.) across the world. The transient power system models are usually represented by a set of non-linear Differential Algebraic Equations (DAE). Impact of potential contingencies, in a time frame of seconds to minutes after a disturbance, can be analyzed using dynamic simulations. Solving thousands of non-linear DAEs in each time-step is a very challenging task [1] . Faster than real time simulations would allow operators to take better proactive measures as the events unfold taking into account the possible outcomes of different contingencies. Parallel computing and This work was supported under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or allow others to do so, for the United States Government. parallelization techniques on high performance computing (HPC) architectures have enabled fast simulations of large power systems [2] , [3] and have potential to accelerate them beyond real time.
In recent years, the research for speeding up of time domain simulations has seen significant growth. The research efforts can be divided into three categories [3] , [4] :
• Development of new numerical methods amenable for parallel implementation [5] - [8] .
• New computing architectures like Graphic Processing Units (GPU), FPGAs, multi-core clusters, etc. [2] , [9] , [10] .
• Improvement of existing numerical approaches and the use of various parallelization techniques like spatial decomposition, time parallel, etc.
[11]- [13] Adomain decomposition method (ADM) belongs to the first category. It is based on approximate analytical solutions in the form of an infinite power series for nonlinear equations, thereby avoiding linearization and discretization. The ADM is widely used for numeric simulations of the applied sciences and engineering including several nonlinear ODE and DAE problems [14] , [15] . In [16] , the Adomian-Pade approximation was used for the analysis of oscillations in single machine infinite bus system (SMIB). In [17] , a parallel transient stability simulation employed ADM coupled with the Newton method for solving discretized nonlinear algebraic equations. Laplace ADM was used to solve DAEs of multi-machine power system classical models in [18] , [19] . This paper uses the ADM for solving the DAEs of detailed dynamics power system models. ADM is applied to approximate the solution of differential equations of IEEE Model 1.1 synchronous machine model, IEEE type-1 excitation system, 1 st order governor and turbine models. The continuation method proposed in [20] has been used to derive the approximate solution in terms of initial time t 0 , final time t and initial states. The approximated ODEs and algebraic network equations are solved alternatively for the complete solution at each time step. The ADM approach has been applied to Western Electricity Coordinating Council (WECC) 3-generator 9-bus equivalent system and the New England 10 generator 39 bus test system for simulation of 3 − φ faults at various buses. When compared to the standard trapezoidal time integration method [21] the ADM approach is faster with comparable accuracy with comparable accuracy.
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II. ADOMIAN DECOMPOSITION METHOD
This section introduces the basic principles of Adomian Decomposition Method using an initial value problem for a nonlinear ODE in the following form
where g and u are the system input and output, respectively. L denotes the linear operator to be inverted, which is usually the highest order derivative, R is the linear remainder operator, and N is the nonlinear operator, which is assumed to be analytic. Solving for u one can get
The integral operator L −1 may be regarded as definite integral from 0 to t. The ADM decomposes the solution and the nonlinear term N u into a series
where the A n , depending on u 0 , u 1 , ..., u n , are called the Adomian polynomials and are obtained for the nonlinearity N u = f (u) using the following formula [14] :
where λ is a grouping parameter. Several alternate algorithms have been developed for the numerical calculation of Adomian polynomials for both single and multi-variable nonlinear functions [14] . Substituting the Adomian decomposition series and the series of Adomian polynomials of the nonlinearity N u from the above equations gives the solution u(t):
It has been established that the series ∞ n=0 A n for N u is equal to a generalized Taylor series for f (u o ), that ∞ n=0 u n is a generalized Taylor series about the function u 0 , and that the series terms approach zero as 1 (mn)! if m is the order of the highest linear differential operator [22] . Since the series converges and does so very rapidly, the n-term partial sum can serve as a practical approximate solution. By various partitions of the original initial term u 0 and delaying the contribution of its remainder, several alternate recursion schemes have been developed [14] , [23] . In this paper the revised ADM proposed in [23] is used due to its rapid convergence.
III. APPLICATION OF ADM TO POWER SYSTEM MODELING
This section describes the application of ADM to power system dynamic simulations. The power system is usually modeled as a set of Differential-Algebraic-Equations (DAE) of the form:Ẋ
The differential equations correspond to the synchronous machines, dynamic loads, excitation systems, turbine-governor systems and other dynamic devices. Algebraic equations correspond to the power balance equations in the transmission network. Two types of solution approaches are typically used to solve these equations. The first, called Partitioned approach, solves separately the differential and algebraic equations in an alternating manner. The second, Simultaneous approach, convertes the differential equations to algebraic equations using implicit-numerical methods and solves them simultaneously [21] . This paper uses the former approach.
A. ADM model of Synchronous Machine
The IEEE Model 1.1 equations are as follows:
The stator algebraic equations are given by
where
. The nonlinearity in synchronous machine is primarily due to the torque equation. If the stator algebraic equations are solved along with the network equations then i d , i q can be treated as constant for one solution time step. Accordingly, the following constants are defined
Here, field voltage E f d and mechanical torque input T mech are also treated as constants in a time step as they are control variables coming from the solution of excitation and turbine ODEs. This makes the torque equation simply a linear function of y 3 , y 4 . It eliminates the nonlinear term in the synchronous machine equations and Adomian polynomials are not needed. The first step in ADM is to separate the constant, linear, and nonlinear terms in each ODE and form the equations as shown in equation (2) . The following equations can be obtained.
According to (5) the Adomian decomposition is defined as [14] , [23] :
The integration is carried out with limits {t 0 , t} instead of {0, t}. This gives a general expression in terms of initial time t 0 and final time t and initial values of states. The ADM has small radius of convergence for highly nonlinear systems [20] . The time horizon can be expanded by continuation method [20] between several intervals {t 0 , t 1 } , {t 1 , t 2 }, ... with over lapping radius of convergence.
The equations for y i,0 , i = 1, ..4 include the constants K i , i = 1, ..4 terms defined earlier. Also equation y 2,n+1 includes y 1,n+1 term. These modifications are due to the modified decomposition method of [23] which essentially distributes the constant terms to the initial condition and uses updated state variables. The y i,0 , i = 1, ..4 equations can be analytically solved either by hand or by symbolic math software such as MATHEMATICA ® or MATLAB ® . After evaluating these, one can evaluate y i,n+1 , i = 1, ..4 for n = 0. This will again result in a closed form polynomial solution in t for each variable. So, the process can be repeated up to the required number of terms. This way, using three terms of ADM a 3 rd order polynomial model is obtained.
B. ADM model of Governor
A first order governor controller is considered here with the equation given below:
This equation in y 2 can be treated as constant for a given time step because it comes from the solution of the synchronous machine equation. Following the same procedure as before the ADM model can be obtained as follows:
After analytically solving the above equations a 3 rd order polynomial model is obtained with three terms.
C. ADM model of Turbine

A 1
st order turbine controller is used in this paper with the following equation:
Here, z 1 can also be treated as a constant in each time step because it comes from the solution of the governor control. Using the ADM approach the following equations can be derived:
. The analytical solution of three ADM terms resulted in another 3 rd order polynomial model.
D. ADM model of IEEE Type-1 Excitation System
The IEEE type-1 excitation system contains the following nonlinear exponential saturation function:
Adomian polynomials are needed for approximating this function. Since the function is dependent on single state variable, E f d , one can use (4) for deriving the polynomials. Here, we denote E f d as x 1 . Accordingly, the nonlinear function is approximated as follows:
The first three Adomian polynomials are given below:
The following differential equations represent the state space of IEEE Type-1 excitation system:
The inputs to the excitation system are the terminal voltage V t and the reference voltage V ref . V t comes from the solution of network algebraic equations. So, these two can be treated as constant inputs in any given time step. The following equations are obtained by applying ADM to the above ODEs:
After solving three terms of the ADM model, an 8 th order polynomial model is obtained. From the above ADM models it has been observed that the solutions of the differential equations are represented as polynomials in time. The coefficients of polynomial are functions of initial states, reference inputs, initial time t 0 and final time t. Since these are simple algebraic equations, the CPU time is expected to be lower than the numerical methods.
IV. RESULTS AND DISCUSSIONS
This section presents the simulation results using ADM models corresponding to 3 − φ faults at various buses of two widely used IEEE test systems, the WECC 3 generator 9 bus system and the New England 10 generator 39 bus system [21] . The ADM results are compared with the simulations using the following Midpoint-Trapezoidal method M idpoint P redictor :
T rapezoidal Corrector :
Several simulations have been carried out by varying the fault duration and fault location. Four representative cases are presented here. Fig.1 shows the slip speed responses S m of generator 2 and 3 of the WECC system w.r.t generator 1 for a 3 − φ, 6 cycles, self-cleared fault at bus 1. A step size of 0.001s is used for these simulations. Here, 3-terms of ADM model are used. It can be observed that the ADM responses are identical to the trapezoidal method. The simulations took 2.8s for ADM and 3.5s for trapezoidal method in MATLAB ® , R2014a, on an Intel i7-4770 3.4GHz CPU with 8 GB RAM. Fig.3 shows the slip speed responses S m of generator 2 and 3 of the New England system w.r.t generator 1 for a 3 − φ, 6 cycles, self-cleared fault at bus 10. Here, also a step size of 0.001s is used and ADM models with 3-terms are used. It can be observed that the ADM responses are very close to the trapezoidal method. The simulations took 2.94s for ADM and 3.68s for trapezoidal method. Fig.4 shows the slip speed responses S m21 and & S m31 for a 3 − φ fault at bus 11 of the New England system. The fault is self cleared after 6 cycles. It can be observed that the ADM responses are again very close to the trapezoidal method. The simulations took 3.03s and 3.66s, respectively. Simulations have been also carried out by varying the number of terms in the ADM model and the step size. The maximum step size for ADM is found to be 0.001s. Also, numerical instability is observed with more than 3 terms. ADM solution inherently possesses numerical instability because of the higher order polynomial approximation [14] terms in the solution. Numerical instability is detected in most of the cases even with step size of 0.001s for simulations longer than 13s on both the test systems. Numerical stability can be improved by reducing the number of polynomial terms in the excitation system equations. This can be achieved, for example, by using Pade approximation [14] which improves the accuracy by approximating the truncated Taylor series with a ratio of lower order polynomials.
From the extensive simulations on the above test systems it can be concluded that the ADM approach is faster than the trapezoidal and has comparable accuracy for short term simulations. The method can be effectively used for speedup of transient stability simulations which are typically 1 to 2s duration.
V. CONCLUSIONS This paper investigates the applicability of Adomian decomposition method for the time domain simulations of detailed multi-machine power systems. A systematic procedure for ADM has been elaborated for IEEE model 1.1 synchronous machine model, IEEE Type-1 static excitation system, 1 st order governor and turbine models. Simulation results for 3−φ faults on WECC and New England test systems are presented. The results are compared with the trapezoidal method. It has been found that the ADM is faster than trapezoidal with comparable accuracy. The maximum step size of 0.001s and 3 ADM terms are needed for accurate results. The ADM based models are found to be promising for short term stability simulations. Future research for improving the step size and numerical instability are envisioned to make ADM a viable solution for speeding up of long term stability simulations.
